A B S T R A C T The vascular effects of arginine vasopressin (AVP) were examined in conscious SpragueDawley rats. In six control rats, synthetic AVP at a dose of40 ng/kg, injected as an intravenous bolus, resulted in a rise in mean arterial blood pressure (BP) from 127 to 149 mm Hg (P < 0.005). No tachyphylaxis was observed after a second AVP bolus administered 30 min later, as BP increased from 125 to 150 mm Hg, P < 0.005. In a second group of six rats, 1-deamino penicillamine, 2-(O-methyl) tyrosine AVP ([dPTyr (Me) To eliminate the possibility that this AVP analogue was antagonistic to endogenous pressor substances other than AVP, additional studies were performed. In homozygotis Brattleboro (diabetes insipidus) rats receiving exogenous AVP, the vasopressin analogue lowered BP (133 to 112 mm Hg, P < 0.001), but failed to lower BP (112 vs. 112 mm Hg) in rats not receiving AVP. BP in a group of bilaterally nephrectomized Sprague-Dawley rats, after 24 h of fluid deprivation, fell from 130 to 118 mm Hg (P < 0.02) after the AVP analogue, precluding an effect of the analogue on lowering BP by inhibiting the renin-angiotensin system. Finally, the AVP analogue failed to alter the pressor response to exogenous infusions of either norepinephrine or angiotensin II. These results demonstrate that (a) the AVP analogue [dPTyr (Me)]AVP abolishes the pressor effect of large exogenous doses of AVP; (b) the analogue has no effect on BP in rats with suppressed or absent endogenous AVP; (c) the depressor effect of the analogue does not involve antagonism of the vasoconstrictors, norepinephrine or angiotensin; and (d) most importantly, BP fell significantly after AVP antagonist administration in intact, conscious, fluid-deprived rats with elevated endogenous AVP levels. This effect of the AVP antagonist to block endogenous AVP and lower BP was primarily due to a fall in peripheral vascular resistance.
A B S T R A C T The vascular effects of arginine vasopressin (AVP) were examined in conscious SpragueDawley rats. In six control rats, synthetic AVP at a dose of40 ng/kg, injected as an intravenous bolus, resulted in a rise in mean arterial blood pressure (BP) from 127 to 149 mm Hg (P < 0.005). No tachyphylaxis was observed after a second AVP bolus administered 30 min later, as BP increased from 125 to 150 mm Hg, P < 0.005. In a second group of six rats, 1-deamino penicillamine, 2-(O-methyl) tyrosine AVP ([dPTyr (Me)]AVP), was administered intravenously at a dose of 10 ,glkg, just before the second AVP bolus. In this group of studies BP rose from 124 to 150 mm Hg (P < 0.01) after the first AVP bolus, but not after the second AVP bolus, which was administered after [dPTyr (Me) ]AVP (129 vs. 129 mm Hg, NS). To assess the effect of this AVP pressor antagonist on BP in rats with suppressed endogenous vasopressin, six water-diuresing rats (mean urinary osmolality, 99 mosmol/kg H20) were administered the analogue at the same dose as the first group of rats. The analogue exerted no demonstrable effect on mean BP (128 before vs. 129 mm Hg after [dPTyr (Me) ]AVP, NS). In these rats, mean radioimmunoassayable levels of AVP were at or below the detectable limits of our assay (0.5 pglml). In contrast, six rats in which endogenous AVP was stimulated by fluid deprivation for 24 h (mean urinary osmolality, 2,489 mosmol/kg H20 and mean AVP level of 21.6 pg/ml) had a marked fall in BP when administered the AVP analogue. In these animals [dPTyr (Me)]AVP caused a fall in BP from 124 to 110 mm Hg (P < 0.005). This fall in blood pressure was due to a fall in peripheral vascular resistance (0.35 vs. 0.30 mm Hg/ml per min per kg, P < 0.02) after [dPTyr (Me)]AVP, as cardiac index remained unchanged.
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INTRODUCTION
The pressor activity of arginine vasopressin (AVP)l has been known since 1898 (1). However, it has been difficult to document whether this vasopressor activity of AVP is of physiological or pathophysiological importance. On the other hand, there can be little doubt about the importance of the antidiuretic activity ofAVP in osmoregulation of body fluids. In addition to the osmoregulation of AVP release, however, it is now clear that a nonosmotic pathway for AVP release exists which is dependent on the integrity of low and high pressure baroreceptor activity (2, 3) . Indeed, it has been hypothesized that the nonosmotic release of AVP may have originally constituted an integral part of the alarm reaction, so that the vasoconstrictor properties of AVP were of tantamount importance during periods of stress (4) . This may have been particularly true in seaforming species, in which rapid responses to stress may have been more critical than water conservation. In support of this hypothesis are the numerous circumstances in which the nonosmotic release of AVP may occur in the setting ofincreased adrenergic neural tone, including volume depletion, hypotension, adrenal insufficiency, acute cardiac failure, and emotional and physical stress. Because a decrease in parasympathetic afferent tone has been shown to stimulate the nonosmotic release of AVP (5), baroreceptor-mediated release of AVP in the setting of increased sympathetic activity and stress might indeed be expected. However, whether the nonosmotic release of AVP is of importance only in renal water conservation or whether it exerts a vasoconstrictor effect on blood vessels is not known. It is known that the exogenous doses of AVP necessary to cause a pressor response are substantially larger than the doses necessary to cause an antidiuresis. However, although a 5-10% decrease in blood volume appears necessary to cause the release of AVP, once this nonosmotic pathway is stimulated, a geometric rise in AVP occurs (6) . Thus, it is reasonable to suggest that in some physiological and pathophysiological circumstances, plasma AVP may reach a level which is associated with vasoconstriction of blood vessels.
Until recently, the experimental tools necessary to test this hypothesis were not available. Manning Exogenous AVP with and without AVP antagonist. In these experiments, 12 rats were studied. After a steady-state control period, an intravenous bolus of synthetic AVP was given in a dose of 40 ng/kg to six rats. This dose had previously been determined to cause a mean increase in blood pressure of 25 mm Hg. 30 min later, after recovery from the first AVP bolus, the AVP antagonist [dPTyr (Me)]AVP2 was given in a dose of 10 gg/kg. 10 min later, a second bolus of AVP was administered in the same dose of 40 ng/kg. Six control rats were also prepared according to an identical experimental design except that a blank solution of 0.9% saline was administered in place of the [dPTyr (Me)]AVP. To test the dose response of the AVP antagonist, a group of five rats was studied with four sequential 40 ng/kg doses of AVP. No AVP antagonist was given before the first bolus of AVP, then doses of0.5, 5, and 10 ,u g/kg ofthe AVP antagonist preceded the next three boluses of AVP, respectively.
AVP antagonist in water-diuresing rats, rats after 24 h of fluid deprivation, and Brattleboro rats. The responses of six rats were examined according to the following protocol. During a 60-min equilibration period, a sustaining solution of hypotonic saline (0.4%) was infused at a rate of 0.2 ml/min. When a stable water diuresis was achieved, as determined by urine flow and urine osmolality, mean arterial pressure was recorded, then intravenous [dPTyr (Me)]AVP was administered at a dose of 10 ,ug/kg.
Another six rats were deprived of water for 24 h before the experiment. After collection of a spontaneous urine sample from rats in a balance cage for measurement of urinary osmolality, the rats were studied according to the above protocol. Urine volume was measured volumetrically.
A group of five Brattleboro rats homozygous for diabetes insipidus was allowed to drink and eat ad lib. prior to study. In these rats base-line plasma osmolality in 332 mosmol/kg H20 (12) compared with 302 mosmol/kg H20 in SpragueDawley rats after 24 h of fluid deprivation. After a steadystate conitrol period, intravenous [dPTyr (Me)]AVP was administered at a dose of 10 ,ug/kg, and blood pressure response recorded.
AVP antagonist in Brattleboro rats receiving exogenous AVP. In addition to the above experiments, further support for the specificity of the AVP antagonist was obtained in another group of five Brattleboro rats on ad lib. food and water. After a steady-state control period, a constant infusion of synthetic AVP was begun (5 ng/kg per min), a dose determined to cause approximately a 15 mm Hg rise in blood pressure. After blood pressure had stabilized, the infusion was discontinued and postcontrol blood pressures were recorded. Following a 45-min equilibration period, the AVP infusion was restarted. After the pressor effects of the infusion had stabilized again, [dPTyr (Me)]AVP (10 ,ug/kg) was injected and the effect on blood pressure was recorded. Plasma AVP levels during the AVP infusion were determined in an additional group of six rats. After a steady-state control period, AVP (5 ng/kg per min) was administered. Again, after stabilization of the AVP pressor action, 2 ml of blood was rapidly removed from the femoral arterial catheter and placed in chilled EDTA tubes. Following centrifugation, plasma aspirates were assayed for AVP according to previously described methods (10) .
AVP antagonist in nephrectomized rats after 24 h offluid deprivation. Six rats were anesthetized with intraperitoneal pentobarbital (10 mg/kg) and bilaterally nephrectomized through a midabdominal incision. 24 h later, during which time no fluid intake was allowed, the rat's response to [dPTyr (Me)]AVP was examined using the same protocol cited above. After each experiment, blood was collected into chilled K3EDTA tubes. The tubes were centrifugated and the plasma fraction was used for measurement of plasma renin activity.
AVP antagonist in rats receiving exogenous angiotensin I. Although the above experiments in nephrectomized rats were performed to demonstrate that the AVP antagonist does not require the presence of angiotensin for its depressor activity, the following additional studies were performed to exclude the possibility that this analogue may have anti-angiotensin activity. In six rats, after a steady-state control period, a constant infusion of angiotensin II (All) (0.3 ug/kg per min) was given. After stabilization of the pressor action of AII, the infusion was stopped and postcontrol recordings were obtained. Following a 45-min equilibration period, the AII infusion was begun again. After blood pressure had again stabilized, [dPTyr (Me)]AVP (10 ,ug/kg) was injected and the effect on blood pressure was recorded.
AVP antagonist in rats receiving exogenous norepinephrine. To test further the specificity of the AVP antagonist, the effect of [dPTyr (Me)]AVP on the pressor response to norepinephrine was tested. In five rats, after a steady-state control period, a constant infusion of norepinephrine was begun at 4 ug/kg per min. After a constant pressor dose ofnorepinephrine was achieved, the infusion was discontinued and postcontrol pressures were recorded. The infusion was then restarted, and again after blood pressure had stabilized, 10 jig/kg of [dPTyr (Me)]AVP was injected to examine the effect on blood pressure. A postcontrol period was obtained after discontinuation of the norepinephrine infusion.
Hemodynamic studies in 24-hfluid-deprived rats. 11 24-h fluid-deprived rats were studied in this protocol. Five of the rats received a 0.9% saline blank solution, and the other six rats received [dPTyr (Me)]AVP in a dose of 10 jig/kg 10 min prior to the injection of the microspheres. Each rat was cannulated with tapered PE 350 tubing through the femoral artery for blood collection, and into the left ventricle via the right carotid artery for microsphere injection. Ventricular cannulation was confirmed by pressure wave tracing at the time of catheterization and direct observation at the conclusion of each experiment. A 60-min equilibration period was then allowed before determination ofcardiac output and renal blood flow by a radioactive microsphere technique (7). The microspheres used were 15 gxm in diameter and were labeled with 85Sr. For each determination, 0.2 ml of a 10% dextran solution containing 500,000 microspheres/ml was injected through the carotid catheter in 5-7 s. The catheter was flushed with 0.2 ml of 0.9% saline. Before filling the syringes, the solution containing the microspheres was placed in a Bio-Vial, and the radioactivity counted for 1 min with a Beckman Biogamma counter (Beckman Instruments, Fullerton, Calif.). The solutio-n was then vigorously agitated with a Vortex mixer for a minimum of 5 min. The syringe for injection was filled and injected into the rat within 60 s ofmixing. The femoral catheter was opened 10 s before microsphere injection, and blood was collected at a constant withdrawal rate of 0.6 ml/min for 2 min.
After femoral blood collection, 0.2 ml of blood was withdrawn from the carotid catheter to clear it of microspheres and placed in the original Bio-Vial used to determine preinjection radioactivity. Evaluation of carotid catheters for residual counts showed no radioactivity above background. The injection syringe was then flushed several times with normal saline into the original Bio-Vial, and the Bio-Vial was then counted to determine postinjection counts. This value was then subtracted from the preinjection counts to yield total counts injected. Mean arterial pressure was measured prior to each microsphere injection, using a Hewlett-Packard recorder and transducer connected to the femoral catheter. Following collection of femoral blood, each animal was sacrificed, and the kidneys were removed, decapsulated, and weighed. The liver and brain were also removed, and all tissues were placed in 10% formalin for 24 h. The kidneys, liver, brain, and blood samples were then counted for "'Sr.
Renal blood flow (RBF) was calculated as kidney ( 
RESULTS
Effect ofAVP antagonist on pressor response to AVP. The effect of the AVP antagonist on the pressor response to two sequential intravenous boluses of AVP is shown in Fig. LA . The first bolus of AVP significantly increased mean arterial pressure from 125+3.1 to 150+6.6 mm Hg (P < 0.01). However, when the same dose ofAVP was administered after the AVP antagonist, mean arterial pressure remained unchanged at 129+4.55 vs. 128+5.3 mm Hg. The lack of effect of the blank solution on the pressor response to sequential boluses of AVP is shown in Fig. 1B Table I . Effect ofAVP antagotnist in twater-diuresing rats atnd it rats after24 I1 offluid deprivationi. The abseice of an effect of the AVP antagonist in water-diuresing rats with suppressed endogenous levels of AVP is shown in Fig. 2 . In this group ofrats, mean arterial blood pressure was 128±+4.2 before and 129±+4.6 Imm Hg after the AVP antagonist. The antagonist did, however, produce a significant antidiuretic response as urinary osmolality rose from 94+3.5 to 702+22.1 mosmol/kg H20 (P < 0.001).
The effect of the AVP antagonist in fluid-deprivecl rats is shown in Fig. 2 . In these rats with high endogeIotUs levels of AVP, the AVP antagoinist caused a highlN significant fall in meain arterial pressure, from 124±+2.0 to 110+2.9 mIm Hg (P < 0.005). The urinary osmolalitv and plasma vasopressin concentrations in the waterdiuresing and fluid-deprived rats are shown in Fig. 3 . Highly significant differences in both urinary osmolality, 99+6.5 vs. 2489+156 mosmol/kg H20 (P < 0.001), and plasma vasopressin concentrations, 0.5 +0.006 vs. 21.6+7.1 pg/ml (P < 0.005), were observed in these two groups of rats. Effect of AVP antagonist in Brattleboro rats with and without exogenous AVP. Additional evidence for the specificity of the AVP antagonist was suggested by the following studies in Brattleboro rats with a congenital deficiency of antidiuretic hormone. Infusion of synthetic AVP resulted in a significant rise in blood pressure from 114±+1.9 to 128+2.0 mm Hg (P < 0.001). Discontinuation of the AVP infusion resulted in a prompt fall in blood pressure to 113+3.0 mm Hg (P < 0.001). A second reproducible pressor response was observed after the infusion was begun again (113+3.0 to 127+2.5 mm Hg, P < 0.001). Injection of [dPTyr (Me)]AVP during the second AVP infusion, however, resulted in a highly significant fall in blood pressure (127+2.5 to 115+2.2 mm Hg, P < 0.001). These results are summarized in Table II . In Brattleboro rats not receiving the AVP infusion, blood pressure was 112 +5.2 mm Hg before and 112±5.4 mm Hg after injection of the AVP antagonist. In another group of Brattleboro rats given an identical AVP pressor infusion, plasma AVP levels as determined by radioimmunoassay were 24.1±3 pg/ml. These levels were not significantly different from levels measured in dehydrated Sprague-Dawley rats, thus supporting a pressor role of endogenous AVP during fluid deprivation dehydration.
Effect of AVP antagonist in nephrectomized rats after 24 h offluid deprivation. The above results did not exclude the possible effects of the AVP antagonist to lower mean arterial pressure by inhibiting the reninangiotensin system. To examine this possibility, the AVP antagonist was administered to another group of fluid-deprived rats 24 h after bilateral nephrectomy. Abolition of the renin-angiotensin axis was confirmed by undetectably low PRA on the day of the study. In these nephrectomized rats the AVP antagonist caused a highly significant decrease in mean arterial pressure from 130+2.6 to 118+3.1 mm Hg (P < 0.01). Mean arterial pressure was not significantly altered (125±4.0 vs. 130±3.6 mm Hg) when the blank solution was administered to another group of nephrectomized rats after 24 h of fluid deprivation.
Effect ofAVP antagonist in rats receiving exogenous All. In addition to the above experiments in nephrectomized rats, the AVP antagonist was given to a group of intact rats receiving a constant AII infusion (Fig. 4) . In these rats, blood pressure rose from a control of 106 ±4.4 to 128±4.0 mm Hg (P < 0.001) and decreased to 102±4.2 (P < 0.001) after the infusion was discontinued. Mean blood pressure rose again after the infusion was restarted to 129±4.7 mm Hg (P < 0.001) and remained unchanged after injection of [dPTyr (Me)]-AVP (10 ,g/kg). Discontinuation of the AII infusion again resulted in a significant fall in blood pressure to 106±4.4 mm Hg (P < 0.001).
Effect ofAVP antagonist in rats receiving exogenous norepinephrine. The mean control blood pressure in the five rats studied in this protocol was 109±3.4 mm Hg and during the norepinephrine infusion (4 ,ug/kg per min) the blood pressure rose to 141±5.3 mm Hg (P < 0.001) (Fig. 4) . After discontinuation of the infusion, blood pressure fell to 110±4.0 mm Hg (P < 0.001). When the norepinephrine infusion was restarted, blood pressure rose to 142±6.1 mm Hg (P < 0.001), and remained constant at 142±6.6 mm Hg after administration of [dPTyr (Me)]AVP. Termination of the norepinephrine infusion lowered blood pressure to 108±4 mm Hg, a value not different from control.
Hemodynamic studies in 24-h fluid-deprived rats. The effects of the AVP antagonist on cardiac index, renal blood flow, total peripheral vascular resistance, renal vascular resistance, cerebral blood flow, and hepatic arterial blood flow in 24-h water-deprived rats are shown in Table III . Cardiac index remained unchanged at 383±13.9 vs. 380±6.9 ml/min per kg. The fall in blood pressure with the AVP antagonist was primarily due to a decrease in total peripheral vascular resistance, 0.35±0.015 vs. 0.30±0.008 mm Hg/ml per min per kg (P < 0.02). In spite of the fall in mean arterial pressure with the AVP antagonist, both renal blood flow (5.7±0.31 vs. 7.81±0.26 ml/min per g, P < 0.01) and hepatic arterial blood flow (0.15±0.019 vs. 0.22±0.014 ml/min per g, P < 0.02) increased. Cerebral blood flow remained unchanged at 0.95±0.11 vs. 0.91 ±0.07 ml/min per g.
DISCUSSION
The present study was undertaken to investigate the potential vascular effects of AVP after 24 h of fluid deprivation in the rat. A newly synthesized analogue of AVP, [dPTyr (Me)]AVP, which possesses antagonist properties to the vasopressor action of AVP (7), was used in an effort to delineate any AVP-induced vascular effects of fluid deprivation. The studies were performed in conscious rats to avoid any consequences of anesthesia.
To test the efficacy ofthe AVP antagonist to block the vasopressor effects of exogenous AVP, normally hydrated rats were injected with two sequential boluses of a larger pressor dose (40 ng/kg) of synthetic AVP. Either a blank solution or the AVP antagonist was administered between the two sequential injections of AVP. In the studies using the blank solution, both sequential doses ofAVP increased mean arterial pressure by -25 mm Hg. In contrast, when the rats were given the AVP antagonist prior to the second AVP dose, the pressor response was totally abolished. These studies therefore confirm that the AVP antagonist is extremely effective in blocking the vasopressor action of AVP. Studies also demonstrated a dose response of0.5,5, and 10 ,ug/kg ofthe antagonist to block the pressor response of 40 ng/kg of AVP.
The specificity of the AVP antagonist to block the pressor effect of AVP is further supported by several findings in the present study. Although the AVP antagonist totally blocked the pressor effect of AVP, the pressor effect of norepinephrine was unaltered by the antagonist. The possibility was also excluded of a depressor effect ofthe AVP antagonist which was mediated by blocking or suppressing angiotensin, since the AVP antagonist lowered blood pressure to a comparable degree in fluid-deprived rats with and without a renal source of renin. In addition, the AVP The studies performed in rats undergoing a water diuresis also allowed further characterization of the antagonist as to whether the AVP antagonist also possesses agonist pressor properties. Many humoral antagonists possess some agonist properties, which may be most apparent when the endogenous hormone levels are suppressed. For example, the agonist effect of angiotensin antagonists on blood pressure is best observed in the sodium-replete state in which levels ofthe endogenous All are diminished (13) . Thus, although the AVP antagonist did not increase control blood pressure in the normally hydrated rat, an agonist effect might be apparent in water-diuresing rats with suppressed endogenous levels of plasma AVP. The AVP antagonist, however, did not alter control blood pressure in the water-diuresing rat, thus providing no evidence for agonist pressor properties of the agent. This conclusion was further supported by the observation that the AVP antagonist did not increase blood pressure in the Brattleboro rats suffering from central diabetes insipidus.
There was no evidence for any antidiuretic antagonist activity of the agent since urinary osmolality was unaltered in the fluid-deprived rats. The agent did, however, exert antidiuretic agonist activity, as it caused a prompt antidiuresis in the water-diuresing rats, with urinary osmolality rising from 94 to 702 mosmol/kg H20. (14) . This hypothesis suggests that a maximal antidiuretic effect ofAVP necessitates that only a very small percentage of collecting duct receptors need to be occupied by AVP. Thus, if an antagonist to the antidiuretic activity of AVP possesses any agonist properties, the antagonist effect could be obscured. Although the reserve receptor hypothesis may only apply to collecting duct and not vascular AVP receptors, it is important to note that the vasopressor antagonist used in the present study did not demonstrate any agonist pressor properties.
The most important studies performed in the present investigation were those undertaken in rats which were fluid-deprived for 24 h. In these rats the mean endogenous plasma vasopressin level was 21.6 pg/ml, as compared with 0.5 pg/ml in the water-diuresing rats. In contrast to the absence of an effect on blood pressure in the water-diuresing rat, the AVP antagonist lowered blood pressure by -15-20 mm Hg in these fluid-deprived rats. These results provide strong evidence for an important vascular role of AVP in the conscious rat during fluid deprivation. Although exogenous AVP has been shown to depress cardiac output (15) , it was demonstrated using the AVP antagonist in the present study that the primary effect of AVP was to increase total peripheral vascular resistance. In spite of a concomitant decrease in systemic blood pressure, the administration of the AVP antagonist was associated with an increase in renal and hepatic arterial blood flow. These results implicate a role of endogenous AVP to constrict renal and hepatic blood vessels during the fluid-deprived state. Although these results in the fluiddeprived rat indicate that the vascular effects of endogenous AVP primarily involve increasing vascular resistance, it is possible that after more severe hypovolemia, larger increases in plasma levels of AVP might also exert a negative inotropic effect on the heart. In summary, [dPTyr (Me)]AVP was confirmed in vivo to be an extremely effective antagonist to the vasopressor properties of AVP. The AVP antagonist was not found to possess any agonist pressor effect in the waterdiuresing rat with suppressed endogenous AVP levels, but was found to possess antidiuretic properties. Use of the AVP antagonist in rats after 24 h of fluid deprivation (plasma AVP levels, 21.6 pg/ml) demonstrated a significant fall in blood pressure and rise in renal and hepatic arterial blood flow. The effect on blood pres-sure occurred primarily due to a fall in peripheral vascular resistance. The AVP antagonist also lowered blood pressure in Brattleboro rats receiving exogenous AVP. A role of inhibition of the renin-angiotensin system or norepinephrine in the depressor effect of the AVP antagonist was excluded, as was a nonspecific effect in the volume-depleted Brattleboro rats. The present study, therefore, provides strong evidence that AVP is important not only as an antidiuretic hormone, but also in circulatory homeostasis during fluid deprivation in the conscious rat. This work was supported by a National Heart and Lung Institute Program Project grant HL-19928.
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